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RetinaIn this review, we highlight recent literature concerning the signaling mechanisms underlying the develop-
ment of two neural birth defects, holoprosencephaly and coloboma. Holoprosencephaly, the most common
forebrain defect, occurs when the cerebral hemispheres fail to separate and is typically associated with
mispatterning of embryonic midline tissue. Coloboma results when the choroid ﬁssure in the eye fails to close.
It is clear that Sonic hedgehog (Shh) signaling regulates both forebrain and eye development, with defects in
Shh, or components of the Shh signaling cascade leading to the generation of both birth defects. In addition,
other intercellular signaling pathways are known factors in the incidence of holoprosencephaly and
coloboma. This review will outline recent advances in our understanding of forebrain and eye embryonic
pattern formation, with a focus on zebraﬁsh studies of Shh and retinoic acid pathways. Given the clear overlap
in the mechanisms that generate both diseases, we propose that holoprosencephaly and coloboma can
represent mild and severe aspects of single phenotypic spectrum resulting from aberrant forebrain
development. This article is part of a Special Issue entitled Zebraﬁsh Models of Neurological Diseases.raﬁsh Models of Neurological
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As the vertebrate embryo develops, the ventral forebrain and retina
are subject to similar extracellular cues that drive their development. A
combination of human genetic, animal model, and cell biochemical
studies has shed light on the signaling pathways that are essential for
patterning this region of the embryo.Within the forebrain, researchers
have identiﬁed deﬁciencies in Nodal, Shh, and retinoic acid (RA)
pathways, as causes of the ventral forebrain birth defect holoprosen-
cephaly. In the retina, mutations in components of the Shh, RA, and
BMP signaling pathways prevent proper closure of the choroid ﬁssure,
and result in coloboma. The overlap in genetic causes for these two
distinct birth defects implies that they may be more accurately
considered as components of a common phenotypic spectrum. This
review will deﬁne the recent advances in our understanding of
Holoprosencephaly (Part I) and Coloboma (Part II), and propose the
commonality of their causality.2. Part I: Holoprosencephaly
Holoprosencephaly (HPE) is the most common forebrain birth
defect in humans [1] and encompasses a broad range of craniofacial
and neural defects. Traditionally, HPE has been deﬁned as the
failure of the forebrain to divide into two distinct cerebral hemi-
spheres during development. In the most profound cases, the fetus
displays cyclopia and the complete absence of lobar divisions in the
cerebrum [2–7]. The HPE spectrum also includes ethmocephaly,
where the fetus displays a proboscis (an abnormal tubular nose-like
structure) and closely-set eyes, and cebocephaly, where the fetus
has closely-set eyes and single nostril [8]. More subtle defects have
also been classiﬁed as falling within the HPE spectrum, including
median cleft lip, absence of the olfactory bulb, agenesis of the
corpus callosum, and a single, centrally located maxillary incisor
[2,8]. While HPE is rare in live births (1/16,000), approximately 1/
250 conceptuses are thought to be affected by HPE [1,9]. This large
difference in frequency likely reﬂects an incompatibility of
severe HPE with life, and a high rate of miscarriage of affected
embryos.
HPE can be caused by both genetic abnormalities and exposure to
teratogens, including alcohol [10,11] and retinoic acid [12,13].
Approximately one-quarter of cases are due to detectable genetic
anomalies [5]. Mapping chromosomal deletions in affected patients
facilitated the identiﬁcation of the ﬁrst genes linked to HPE [14–20],
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and point mutations in these genes [21].
Research in zebraﬁsh over the last decade has yielded many
insights into the normal function of HPE genes, and how their
disruption can result in human disease. The eight genes linked to
HPE have been shown to play important roles in three major
developmental signaling pathways: Nodal, Sonic hedgehog, and
retinoic acid (RA). The forkhead box transcription factor FOXH1 (also
known as FAST1 and schmalspur in zebraﬁsh) [22] and EGF-CFC family
protein CRIPTO (also known as TDGF1 in mammals and one-eyed
pinhead in zebraﬁsh) [23] are components of the Nodal pathway. The
signaling ligand SONIC HEDGEHOG (SHH), transmembrane receptor
PATCHED (PTC) and transmembrane sterol-sensing protein DIS-
PATCHED-1 (DISP1) are core members of the Sonic hedgehog signaling
pathway, while the transcription factor SINE OCULIS HOMEOBOX-3
(SIX3) directly regulates shh expression [24–27]. The atypical home-
odomain transcription factor TG-INTERACTING FACTOR (TGIF) regulates
retinoic acid signaling during development [28–30], while ZINC
FINGER OF CEREBELLUM (ZIC) transcription factors have recently
been proposed as a regulator of Nodal, Sonic hedgehog, and retinoic
acid signaling in the forebrain [31]. There is signiﬁcant cross-
regulation among these three pathways, which has important
implications for early brain development. This cross-regulation is an
important consideration in interpreting phenotypes associated with
an alteration of gene function within the three pathways, such as in
HPE patients (see Fig. 1 for an anatomical overview of forebrain
signaling relevant to HPE).
2.1. Speciﬁcation of the prechordal plate
The prechordal plate is the anterior-most axial mesoderm, and a
critical ventral patterning center that underlies the developing
forebrain. Research in zebraﬁsh has delineated a clear role for NodalFig. 1. Ventral forebrain patterning is regulated by signaling between the pectoral plate
and overlying neural tube. Holoprosencephaly (HPE) is caused by a complex set of
molecular genetic signaling pathways. Retinoic acid (RA, gradient shown in red) plays a
key role in this process and is synthesized in the posterior paraxial mesoderm by
Aldh1a2 and degraded anteriorly by Cyp26a1. Tgif, which causes HPE, regulates
expression of both cyp26a1 and aldh1a2. Within the prechordal plate (PCP, blue),
signaling among Zic, Nodal (Cyclops or Cyc) and Sonic hedgehog (Shh) creates a
signaling center underlying the ventral diencephalon. Shh signaling activates both ptc1
and nkx2 genes.signaling in the formation of the vertebrate prechordal plate.
Disruption of this tissue results in the fusion of the eye ﬁelds and
deletion of ventral forebrain tissue, a phenotype that strongly
resembles the most severe cases of HPE [32–36]. The prechordal
plate is the anterior-most derivative of Spemann's organizer (the
shield in zebraﬁsh), which, during gastrulation, acts as a signaling
center to induce dorsal and anterior structures. The shield is speciﬁed
very early in zebraﬁsh development (the 128 cell-stage) and arises
from the cells of the dorsal margin. The transcription factor β-catenin
is stabilized in the nucleus of prospective shield cells, and when
zygotic transcription initiates, activates transcription of the Nodal
ligand and morphogen squint [37]. Within the shield, levels of Nodal
signaling are asymmetric. The most vegetal cells are subject to the
highest levels of Nodal signaling, and become the prechordal plate,
while cells positioned nearer the animal pole, exposed to lower levels
of Nodal signaling, become notochord [38]. The prechordal plate, after
the cell movements of gastrulation, comes to underlie the ventral
forebrain, while the notochord underlies the more posterior neural
tube.
2.2. Nodal signaling and HPE
Nodal is a member of the TGF-β superfamily of signaling proteins.
Members of this protein superfamily exist as dimers, and activate
type I and type II transmembrane serine/threonine kinase receptors.
Nodals bind the type I receptor protein ALK4 or the complex of ALK7
(type I) and ActRIIB (type II) [39]. The HPE gene CRIPTO/oep physically
interacts with the ligand–receptor complex, and is required for Nodal
signal transduction, positioning this protein as a Nodal co-receptor
[40–43]. Ligand binding results in the phosphorylation of the type I
receptors, which in turn phosphorylate the transcription factor
Smad2. Phosphorylated Smad2 is imported into the nucleus, where
it binds Smad4 and other cofactors, including bonnie and clyde (bon;
mixer) and the HPE gene FOXH1 (schmalspur) [44,45]. The Smad
complex then activates the transcription of target genes, such as the
prechordal-plate-speciﬁc transcription factor goosecoid (gsc) [46] and
the morphogen shha [47].
Forward genetic screens in zebraﬁsh have identiﬁed mutations in
the Nodal pathway components linked to HPE: the co-receptor Cripto/
oep, and the Smad2 cofactor FOXH1/sur [48,49]. Loss of function of
these genes causes the loss or reduction of the shield and the
elimination of the prechordal plate, causing severe forebrain deﬁcits
within the HPE spectrum, including cyclopia.
2.3. Cripto/one-eyed pinhead in HPE
oep transcript is maternally deposited in 1-cell zebraﬁsh embryos,
and embryos lacking both maternal and zygotic oep (MZoep) have a
much more severe phenotype than zygotic mutants. MZoep mutants
fail to develop a morphologically distinguishable shield, and lack all
shield-speciﬁc gene expression. As a consequence, embryos lack most
mesodermal cell types, including the prechordal plate and notochord.
This in turn causes a failure to specify ventral neurectoderm, and
embryos display a cyclopic phenotype [40].
In zygotic oepmutants that retain maternal sources of this protein,
shield-speciﬁc gene expression is initiated normally, but fails to be
maintained. The notochord is speciﬁed correctly, and expresses shha,
suggesting that low levels of Nodal signaling are sufﬁcient for
notochord development. However, zygotic oep mutants lack pre-
chordal plate, and shha is not expressed in forebrain regions,
indicating that the speciﬁcation of prechordal plate is particularly
sensitive to a reduction in Nodal signaling [36].
Two human patients with mutations in CRIPTO have been
described [23]. One patient displays several HPE-like microforms,
including a hypoplastic corpus callosum. This patient has a hetero-
zygous P125L mutation in the CFC domain of the oep orthologue
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receptors.While wild type TDGF1will rescue the zebraﬁsh oepmutant
phenotype, a P125L mutant version does not, suggesting that this
protein is nonfunctional, and themalformations in this patientmay be
due to TDGF1 haploinsufﬁciency. A second patient displays semi-lobar
HPE, and a V159M mutation in CRIPTO, which is in a domain thought
to mediate the protein's association with the cell membrane [50].
However, this mutant version of the protein can still rescue an oep
mutant, suggesting that the basis of HPE in this case may involve
additional genetic or environmental factors. Indeed, within most
patient families, the penetrance of HPE is highly variable. It has been
widely speculated that interaction between multiple genetic deﬁ-
ciencies or environmental insults are responsible for this variability,
and underlie most cases of HPE [4–6].
2.4. The transcription factor Foxh1 and HPE
FOXH1 is a Smad-binding protein which targets activated Smad
complexes to speciﬁc DNA sequences [51]. It is required for
transduction of a subset of Nodal signals, and is partially redundant
with the paired-like homeobox transcription factor Bon/Mixer [52].
Zebraﬁsh lacking maternal and zygotic Sur (MZsur) have reduced, but
not eliminated, shield-speciﬁc gene expression. MZsur embryos also
lacking bon have abolished shield-speciﬁc gene expression, indicating
that these genes are partially redundant. Foxh1 mouse mutants
entirely lack speciﬁcation of the node, prechordal plate, and
notochord, and display a severely hypoplastic forebrain [53].
Similarly, MZsur zebraﬁsh mutants also show the elimination of the
prechordal plate, although notochord-speciﬁc gene expression is still
present. Interestingly, notochord-speciﬁc genes are activated even in
the absence of both bon and sur, suggesting that these two are not the
only Smad cofactors that can transduce Nodal signal to specify
notochord in zebraﬁsh. Besides its role as a Nodal signal transducer,
Sur is also required for the maintenance of cyclops and squint
expression during gastrulation [44], however, expression of neither
cyclops nor squint can rescue prechordal plate speciﬁcation, cyclopia,
or other phenotypes in MZsur embryos. Therefore, it is likely that
these defects mostly result from an inability to transduce Nodal
signals within the axial mesoderm.
A number of mutations in FOXH1 have been identiﬁed in HPE
patients [22], including those that disrupt the forkhead DNA binding
domain and Smad-interaction domain. The activity of these mutant
versions has been assessed by measuring the activity of RNA to rescue
zebraﬁsh sur mutants. These studies demonstrate that mutations in
the Smad-interacting domain eliminate protein activity, while
variants in the forkhead domain reduce protein activity by approx-
imately 20% [22].
Overall, in live births, the occurrence of Nodal pathwaymutations is
rare [22]. Work in animal models suggests that this is likely due to the
essential nature of this signal pathway during the very early stages of
development. Indeed, in patients suffering fromrecurrentmiscarriage, a
very high proportion of embryos lost in the ﬁrst trimester show severe
neural and midline defects [54]. Embryos with severe loss of Nodal
function are likely not viable, and it is plausible that Nodal pathway
mutations contribute to a proportion of early pregnancy losses.
2.5. Sonic hedgehog signaling and HPE
Defects in the Sonic hedgehog pathway are the most frequent
cause of HPE [18], and this pathway has long been known to be
essential for forebrain patterning. An essential role for Nodal signaling
is the initiation of shh transcription in the prechordal plate and
notochord [38]. Shh secreted from the axial mesoderm initiates shh
transcription in the ﬂoor plate, themost ventral andmedial cells of the
neural tube. A graded hedgehog signal emanating from both the axial
mesoderm and ﬂoor plate is required for diencephalon speciﬁcation,ventral neuronal identities, and the correct separation of the eye ﬁeld
into two distinct domains [55].
The mechanism of Shh signal transduction has been the subject of
intense research. The protein undergoes extensive post-translational
modiﬁcations, including autocatalytic cleavage and cholesterylation of
the N-terminus, which becomes themature ligand [56]. Subsequently,
a palmitate moiety is added to the N-terminus of the ligand by the
enzyme known as Hedgehog acyltransferase or Skinny hedgehog [57].
The N-terminal signaling ligand processed with both lipid modiﬁca-
tions is denoted as ShhNp. Cleavage and lipid modiﬁcation is required
for secretion outside the cell. A series of proteins, includingDispatched
and You/Scube2 are required for its export. ShhNp then binds to
transmembrane proteins (Interference hedgehog; IHOG and Brother
of IHOG; BOI) that facilitate its interaction with the Patched receptor
[55]. In the absence of ligand, Ptc inhibits the function of Smoothened
(Smo). Upon ligand binding, this inhibition is relieved; Smo becomes
activated, and induces a signaling cascade that leads to the regulation
of the localization or cleavage of Gli transcription factors. InDrosophila,
a single Gli protein, named Cubitus interruptus (Ci), is present. Upon
ligand binding, the cleavage of Ci into a repressor isoform is inhibited,
and the activator isoform transcriptionally upregulates target genes
[58].
Sixty-four unique mutations in the SHH gene have been linked to
holoprosencephaly [59]. These include frameshift and nonsense
mutations, missense mutations in functional domains or uncharacter-
ized but conserved domains, or changes in residues important for
processing, such as the post-translational addition of palmitate and
cholesterol moieties. Two orthologues of SHH exist in zebraﬁsh, shha
and shhb (formerly known as tiggy-winkle hedgehog). This complicates
analysis of mutants for these two genes, as each can compensate for
the other's function. Mutants lacking shha have a mild phenotype,
including abnormal ﬁn and somite patterning, and axonal pathﬁnding
defects, while knockdown of shhb alone causes no detectable
phenotype [60–62]. Because of redundancy, shh loss of function has
mostly been accomplished in zebraﬁsh by mutations in or pharma-
cological inhibition of Smoothened (Smo) [63]. The compound
cyclopamine directly binds and inhibits Smo signal transduction
[64]. Unlike the Shh ligand itself, smo does not appear to be duplicated
in the zebraﬁsh genome, and smo mutants show a severe phenotype,
although not as severe as cyclopamine-treated embryos. Smo is
present maternally, and maternal transcript is likely to allow for some
early Shh signal transduction, which cyclopamine would block. smo
mutants have a suite of defects, including synopthalmia and improper
motor neuron speciﬁcation in the spinal cord. Moreover, mutants
show a dorsalized forebrain and a complete lack of hypothalamic
tissue. smomutants also have a lack of anterior pituitary cell fates, and
instead form an ectopic lens at this site. Interestingly, an optic stalk
marker, pax2a, is ectopically expressed in the forebrain, suggesting
that hedgehog signals play a key role in distinguishing forebrain from
eye identities [63].
The HPE gene PATCHED is the receptor for Shh, and is in fact a
negative regulator of the pathway. Unliganded Ptc represses Smo, and
ligand binding prevents Ptc repression activity. Therefore, loss of Ptc
function results in constitutive activation of the Shh pathway [65–67].
Zebraﬁsh have two ptc homologues, and mutants for both ptc1 and
ptc2 have a strong upregulation of hedgehog signaling, concomitant
with a ventralization of the neural tube and mispatterning of the
somites [68]. Conversely, gain of Ptc function results in constitutive
repression of the pathway, and also results in phenotypes within the
spectrum of HPE, including midline defects, such as malformation of
the corpus callosum [66,69].
Several PTCmutations have been linked to HPE. Two of these are in
the extracellular domain in a position thought to interact with the
SHH ligand. Two others are locatedwithin intracellular domains of the
protein, and it is hypothesized that these domains might be important
for PTC's interaction with SMO [70]. It has been proposed that these
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pathway, as HPE phenotypes are well-known to be linked to SHH loss
of function. However, it is possible that a gain of SHH function could
cause HPE-like phenotypes as well, since in zebraﬁsh, a loss of Ptc1
and consequential increase in signaling results in narrow-set eyes and
moderate forebrain patterning defects [68].
The function of the HPE gene DISPATCHED has also been modeled
in zebraﬁsh, where there is a single described orthologue [71].
Although disp1 expression is broad, it is enriched in regions of high
Shh signaling: the ventral forebrain, notochord, and ﬂoor plate. In
Drosophila, disp has been shown to be required for export of processed
Shh ligand [72]. Suggesting that this function is conserved, disp loss-
of-function in mice and zebraﬁsh causes phenotypes typical of Shh
deﬁciency [73–76]. Zebraﬁsh embryos with mutations in disp1
(chameleon) have phenotypes typical of a reduction in Shh signaling:
strongly reduced expression of shh target genes, and a dorsalized
neural tube. Further supporting the model that disp regulates Shh
export, overexpressing shh RNA in disp1 zebraﬁsh mutants causes an
attenuated transcriptional response compared to shh overexpression
in wild type embryos [76].
2.6. The transcription factor Six3 and HPE
Zebraﬁsh models of the function of the HPE gene SIX3 are
complicated by the presence of three SIX3-related genes, six3a,
six3b, and six7, which are all expressed in the prechordal plate during
gastrulation, and then in the anterior neurectoderm during somito-
genesis [77]. Interestingly, however, six3b/six7 loss of function
indicates that Six3 proteins are required in the neurectoderm to
repress Nodal target gene expression, which contributes to the proper
establishment of left/right asymmetry [77]. Complete loss of six3 gene
function may reveal additional roles for six3 regulation of Nodal
signaling.
Zebraﬁsh rescue studies indicate that the vast majority of HPE-
associated SIX3 mutations act as hypomorphs [78]. Work in mice
suggests that defects in a direct interaction between SIX3 and the Shh
signaling pathway underlie the development of HPE [24]. Geng and
colleagues generated mice with a HPE mutant version of Six3
knocked-in to the endogenous Six3 locus. While heterozygous mutant
mice display HPE-like phenotypes at a low frequency, removing one
copy of Shh results in severe cyclopia and loss of ventral diencephalic
gene expression. Further, mice heterozygous for the mutant Six3 and
with one copy of Shh deleted have a loss of both Shh and Six3
expression in the ventral diencephalon, indicating that these two
genes form a critical positive feedback loop. The regulation of Shh by
Six3 is direct, and the Six3-binding site in the Shh forebrain enhancer
is mutated in a patient with semi-lobar HPE [79], indicating the
importance of the genetic interaction between these two proteins for
forebrain development.
2.7. Retinoic acid signaling and HPE
Retinoic acid has a critical role in early neural patterning. This small,
diffusible molecule is synthesized from vitamin A (retinol) precursors
through a series of enzymatic reactions. The retinol dehydrogenase
Rdh10 catalyzes the conversion of retinol to retinaldehyde during
development [80], and aldehyde dehydrogenases (raldh or aldh1a
gene family) convert retinal to retinoic acid [81]. There are two
characterized aldh1a genes in zebraﬁsh: aldh1a2, which is expressed at
high levels in paraxial mesoderm and in the dorsal retina [82,83], and
aldh1a3, which is expressed in the ventral retina ﬂanking the optic
stalk [84]. Recently, an additional enzyme, cyp1b1, has been demon-
strated to synthesize RA in multiple tissues during chick development
[85]. This gene is expressed in a much more restricted domain in
zebraﬁsh than chick, and is present in the anterior telencephalon and
eye, beginning mid-somitogenesis (Gongal et al., submitted). Itscontribution to zebraﬁsh neural or eye patterning has yet to be
established. However, mutations in mouse and human Cyp1b1 are
linked to the development of juvenile-onset glaucoma, suggesting an
important role in eye development [86–88].
The best characterized role of RA during development is in the
hindbrain, where it acts as a potent posteriorizing signal on neural
tissue. High levels of RA signaling are required for speciﬁcation of
caudal hindbrain fates [82,83,89–91]. During gastrulation, the
forebrain is insulated from the posteriorizing inﬂuence of RA through
the activity of cyp26 (cytochrome P450, subfamily XXVI) genes, which
hydroxylate RA, a modiﬁcation thought to target the molecule for
degradation [92]. cyp26a1 is the earliest expressed cyp26, and is
expressed in the anterior neurectoderm, initiating during gastrulation
[93]. Slightly later, cyp26b1 and cyp26c1 transcription is initiated in a
subset of telencephalic cells (cyp26c1) and the diencephalon (cyp26b1
and cyp26c1) [94,95], where they limit RA activity. Both cyp26b1 and
cyp26c1 are also expressed in dynamic, rhombomere-speciﬁc patterns
in the hindbrain, where they are essential for proper anterior–
posterior patterning [94–97]. Together, RA synthesis and degradation
genes set up a highly dynamic pattern of RA levels in the developing
CNS.
Abnormal RA levels have severe phenotypic consequences,
particularly for the forebrain. Exposure to exogenous RA during
development causes severe craniofacial defects, eye patterning
anomalies, and ectopic forebrain expression of posterior CNS genes
[11,98,99]. RA levels become abnormally high when Cyp26 activity is
reduced, which has been modeled in mice, chick, and zebraﬁsh.
Overall, embryos with reduced Cyp26 function display defects in
patterning of the diencephalon, eye, hindbrain and neural tube
closure defects [30,96,100–102]. Further, without Cyp26 activity,
embryos are highly sensitive to environmental changes in retinoids,
and the entire neural tube takes on posterior hindbrain identity upon
exposure to doses of retinal that cause no defects in wild type
embryos [96].
High levels of retinoic acid have recently been linked to DiGeorge
syndrome (also known as velo-cardio-facial syndrome), a suite of
multiple congenital defects, including craniofacial abnormalities such
as cleft palate [103,104]. A critical region mapped in patients with
chromosomal deletions encompasses the gene tbx1, which regulates
expression of all three cyp26 genes during somitogenesis [102]. Taken
together with the large body of evidence that increased developmen-
tal RA levels can cause forebrain patterning defects, it is plausible that
changes in RA signaling underlie some of the phenotypes observed in
DiGeorge syndrome.
RA deﬁciency also causes severe developmental defects. Loss of RA
has been modeled in vitamin A-deﬁcient quail and swine [105–107],
mouse and zebraﬁsh mutants for RA-synthesizing genes
[82,83,90,108], and chick and zebraﬁsh by application of pharmaco-
logical inhibitors [89]. Although defects observed vary slightly
depending on the organism, common phenotypes include the
formation of a single telencephalic vesicle, mispatterning of the
diencephalon, failure to specify the caudal hindbrain, and eye
abnormalities. Thus, both too much and too little RA cause defects
in similar tissues, and many of these phenotypes are reminiscent of
HPE. Interestingly, similar defects are observed in a gain or loss of RA,
such as the mispatterning of the diencephalon and failure of the
neural tube to close.
2.8. The transcription factor TGIF and HPE
Until recently, little was known about the role of the HPE gene TGIF
(5′-TG-3′ interacting factor) in forebrain development. Work in cell
culture systems demonstrates that TGIF can transcriptionally regulate
both retinoid and TGF-β signaling. Tgif can bind Smad2 and Smad3,
and represses the transcription of a TGF-β-dependent reporter [109],
andmutant versions of TGIF that occur in human patients do not show
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are well-known to cause forebrain defects in animal models, and
Nodal is a TGF-β pathway, it was widely assumed that misregulation
of Nodal function explained the incidence of HPE in human patients
deﬁcient in TGIF [5,7,110–113]. However, there has been a notable
absence of evidence from animal models for this hypothesis.
In fact, TGIF was originally identiﬁed because of its involvement
with retinoid signaling. This atypical homeodomain transcription
factor was discovered in a search for proteins that bind to a retinoid X
response element (RXRE) [29]. Bartholin and colleagues provide
further evidence that TGIF can regulate retinoid signaling [28]. They
convincingly show that TGIF binds RXRs (most robustly RXRα and
RXRγ, and RXRβ to a lesser extent), and that TGIF can form a complex
both with RXR and its nuclear receptor binding partners, including
RARs and PPARs (peroxisome proliferator activated receptor). Using a
reporter assay, Tgif can repress RA-dependent transcription under the
control of a DR5 element. However, this element is activated by RXR
expression, regardless of the presence or absence of ligand. Further, it
isn't clear whether this repression activity is speciﬁc for RXR or
generally acts on other nuclear receptors. Therefore, the in vivo
relevance of Tgif's function in this assay remains to be established.
Four independent groups have generated Tgif-null mice [28,114–
116]. None of these mutants has neural patterning phenotypes. Mice
have multiple copies of Tgif-like genes, including Tgif2, Tgif-like-on-
the-X and Tgif-like-on-the-Y, whose functions are poorly understood,
and which may compensate for the loss of Tgif activity in these
mutants. However, depending on genetic background, heterozygous
and homozygous mutants do have an increased rate of exencephaly
when treated with RA [28,116], suggesting that Tgif plays a role in the
regulation of RA signaling.
A ﬁfth group interested in Tgif function noted that some patients
had a nonsense mutation that left the ﬁrst repressor domain and
homeodomain intact, but eliminated the second and third repressor
domains. Kuang and colleagues generated amouse with an equivalent
mutation by deleting Tgif's third exon. Interestingly, mice with this
mutation do show neural patterning defects, although these are
strain-speciﬁc [117]. TgifΔexon3 mice show severe hypoplasia of the
forebrain and exencephaly. Shh protein levels are reduced, and the
ventral forebrain marker Nkx2.2 has reduced expression. Because of
these phenotypes, Kuang and colleagues propose that this version of
Tgif may function as a dominant negative. However, defects in this
mutant are still highly dependent on genetic background, which
suggests that there are unknown and essential genetic modiﬁers that
exist in this strain.
In contrast to mice, zebraﬁsh have only two tgif family genes, tgif
and tgif2, and therefore genetic redundancy may be less of an issue for
functional analyses. Studies in zebraﬁsh have revealed that Tgif is an
essential regulator of retinoic acid metabolism gene expression [30].
Tgif is required for the initiation of both cyp26a1 and aldh1a2,
indicating that this gene regulates both RA degradation and synthesis.
tgif morphants have reduced diencephalic gene expression, a
phenotype that resembles that of cyp26a1 mutants, suggesting that
excess RA in the forebrain is responsible for this mispatterning. These
results suggest a molecular basis for Tgif-dependent holoprosence-
phaly; embryos lacking TGIF function may be highly sensitive to
teratogenesis from environmental ﬂuctuations in vitamin A [30].
2.9. Genetic interactions between Sonic hedgehog and retinoic acid
signaling in the forebrain
While deleterious for the forebrain during gastrulation, RA is in
fact required for proper forebrain development at later stages. One of
its important roles is facilitating Sonic hedgehog signaling. The genetic
interactions between Shh and RA signaling are complex, and are quite
different between species, as well as between different tissues and
developmental stages (see below). RA regulates Shh signaling atmultiple points in the pathway, including transcription of the ligand,
response to the signal, and post-translational processing. The
mechanisms of these interactions are unclear, and identifying the
precise molecular bases that underlie RA-Shh interactions are key
topics for future work.
Interpreting the effects of changes in shh expression can be
challenging, as transcription of this gene is regulated by an
autoregulatory loop. When Shh signaling is reduced, shh transcription
is upregulated [118], so both upregulation and downregulation of the
pathway may be correlated with an increase in shh transcription.
Nevertheless, shh expression is critical for activity of the pathway, and
RA regulates signaling at this level.
Aldh1a2 mouse mutants have normal Shh transcription (and
protein levels, detected by immunohistochemistry) in the axial
mesoderm during early stages of forebrain patterning. Slightly later
in mouse development (by the 16 somite stage), however, RA does
regulate the transcription of Shh itself. This regulation is tissue-
speciﬁc, however, as in a Aldh1a2 mutant, Shh is decreased in some
tissues (ventral diencephalon), and increased in others (infundibu-
lum) [108]. The functional consequences of this loss of transcript are
unclear, but occur too late to explain early loss of Shh target gene
expression in aldh1a2 mutants.
In contrast, transcriptional regulation of shh by RA seems to be
more important in bird development. In vitamin A-deﬁcient quail, shh
expression is reduced in prechordal plate at early stages [106].
Further, locally applying RAR and RXR inhibitors in the chick forebrain
abolishes shh expression. Treated embryos display cyclopia and loss of
forebrain tissues [119]. This forebrain phenotype is more severe than
an Aldh1a2mousemutant, perhaps because receptor inhibition causes
a more profound loss retinoid activity. Aldh1a2 and Aldh1a3 are
partially redundant in the mouse forebrain patterning, but double
mutants cannot be analyzed (withoutmaternal supplementationwith
RA), due to very early lethality caused by cardiac defects.
A second method of RA regulation of Shh signaling has recently
been revealed in mouse. Aldh1a2mutant mice have a reduction in Shh
target gene expression, such as Gli3 and Olig2, while no change in Shh
transcription or protein levels is detectable [108]. Importantly, Ribes
and colleagues demonstrated that RA deﬁciency causes a failure to
appropriately respond to the Shh signal [120]. Although the
mechanism of this interaction is not yet understood, treating
Aldh1a2 mutants in vitro with Shh ligand does not result in high
levels of Shh target gene expression, as does treating wild type
embryos. These results could reﬂect a role for RA in regulating the
activity of Shh protein activity, localization, processing, degradation,
or RA signaling could be required for the transcription or function of
a Shh pathway component. Future experiments will reveal themyriad
of mechanisms used in regulating Shh activity, such as modulation of
palmitoylation [121,122].
2.10. Zic genes and the coordinated regulation of Shh and RA signaling
While cross-talk between theShhandRApathways is likely essential
to coordinate their activities during neural patterning, these two
pathways are also connected by common regulators. A transcription
factor that regulates both the RA and Shh pathways has been identiﬁed:
zic1. The precise effect of a single factor transcriptionally regulating
components ofmultiple pathways is notwell understood. However, it is
plausible that this method of regulation functions to maintain a precise
balance between the activities of the two pathways.
zic1 (whose related gene zic2 has been linked to HPE) has been
linked to disruptions to both the retinoic acid and Shh signaling
pathways [31]. zic1morphants showa loss of Shh target geneexpression
(ptc1), concomitant with a mild reduction in shha expression and a
strong reduction in shhb expression. zic1 loss-of-function results in
higher levels of RA signaling in the eye and forebrain mid-somitogen-
esis. zic1 morphants have an expansion of optic stalk in the eye and
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aldh1a3 and cyp1b1, which might cause the high RA levels observed in
the eye and forebrain. Overexpressing cyp26a1 makes some zic1
morphant phenotypes more severe, suggesting that RA deﬁciency,
rather than excess, contributes to these phenotypes. Indeed, RA levels in
the somites are reduced, as assayed by RARE-yfp reporter expression.
Nevertheless, although the detailed mechanisms underlying Zic1
function are not yet clear, its overall function is clearly to regulate
both RA and Shh signaling, which may help facilitate the coordinated
actions of these two pathways during neural development.
Zebraﬁsh zic2 has also been shown to play a key role in regulating
forebrain development. Morphant embryos that lack zic2a display a
pronounced reduction in arx and dlx2 gene expression, indicating a
defect in speciﬁcation of the prethalamic region of the forebrain [123].
Though the changes in ptc1 gene expression are mild, it is possible
that other zic genes are compensating for a loss of zic2a [124]. Recent
research on zic2a has shown that it plays an essential role in
regulating proper formation of the eye. Indeed many of the genes
discussed in this section function at the same developmental stage to
regulate formation of the eye. Given the striking similarities between
forebrain and eye patterning mechanisms, the second component of
this review will deal with eye formation birth defects, most notably
colobomata, and the known signaling pathways that regulate ocular
morphogenesis.3. Part II: Coloboma
During early development, the vertebrate eye contains a transient
ventral ﬁssure that is essential for the entry of mesenchyme cells into
the retina, where they will give rise to blood vesicles that will nourish
the eye throughout the life of the organism [125]. Failure of the optic
ﬁssure to close results in coloboma, an important cause of visual
impairment worldwide. Depending on the size and location, this
congenital malformation can lead to blind spots, lazy eye, and reduced
visual acuity in patients [126].
Coloboma can affect numerous tissues in the posterior eye including
the choroid, and optic nerve, aswell as tissues of the anterior eye such as
the iris, cornea, and lens [127]. Ocular colobomata have been observed
as an independent defect, or as a component of syndromes that often
include other ocular abnormalities as well as craniofacial and neuro-
logical phenotypes [128]. These include microphthalmia [127,129,130],
cataracts [131], and CHARGE syndrome (coloboma, heart defects,
choanal atresia, retarded growth, and genital and ear anomalies)
[132]. Colobomata can be sporadic, or heritable with autosomal
dominant, recessive, and X-linked inheritance cases being reported.
The vertebrate eye is patterned along proximal–distal axis early in
development. The distal eye cells give rise to neural retina and retinal
pigmented epithelium, whilemore proximal cells give rise to the optic
stalk and choroid. Although transient, the choroid ﬁssure acts as an
entryway into the eye, allowing vascularization to occur. Before the
onset of cellular differentiation in the retina, the ﬁssure begins to close
using a contact-dependent dissolution of the basal lamina at the
contacting neuroepithelial on each side of the optic ﬁssure [133].
Thus, genetic abnormalities or environmental toxins that disrupt this
process, likely present as coloboma.
A number of genetic lesions and chromosomal rearrangements
have been identiﬁed that lead to coloboma in human patients, many
of which involve the loss of Sonic hedgehog signaling or one of its
downstream target genes [134,135]. As aberrant Shh signaling is one
of the leading causes of holoprosencephaly, it is important to note
that many individuals suffering from mild forms of HPE
also display coloboma. In addition, defects in the RA [136,137], and
Bmp [127] signaling pathways have been implicated in the
generation of coloboma or syndromes involving colobomataneous
phenotypes.3.1. Sonic hedgehog signaling is required for closure of the optic ﬁssure
To date, only one family has been identiﬁed with coloboma due to
mutation in the sonic hedgehog (shh) gene itself [135]. It is likely that
null mutations, or even strong hypomorphic mutations in the Shh
gene are incompatible with life as Hedgehog signaling is required
forebrain patterning and development. Thus, most knowledge
concerning Shh and its role in ocular coloboma comes from
experiments in animal models. Both the zebraﬁsh and mouse have
proven to be useful models for the study of the eye, and have provided
valuable insight as to the role of Shh and its downstream target genes
in the development of coloboma.
In zebraﬁsh, like most other vertebrates, there are two tissues that
act as sources of Sonic hedgehog ligand that are relevant for the
development of the eye: ﬁrst, the ﬂoorplate in the ventral midline of
the diencephalon, and second, the neural retina itself. It is the former
that is responsible for eye patterning and closure of the optic ﬁssure
[138], while Shh signaling derived from within the retina is required
later in development for the timely cell cycle exit and differentiation
of neural lineages [139].
3.2. Sonic hedgehog regulates genes required for eye patterning
The zebraﬁsh eyecup is partitioned early in development, estab-
lishing the retina, optic stalk, and retinal pigmented epithelium into
molecularly distinct domains. Midline diencephalic Sonic hedgehog is
required for this partition by maintaining the expression boundary of
spatially restricted transcription factors [138]. Loss of shh in zebraﬁsh
leads to severe coloboma, and the loss of ventral-anterior homeobox 1
and 2 (vax1 and vax2), which delineate the optic stalk and ventral
neural retina regions [140]. Inactivation of both vax genes in zebraﬁsh
results in severe coloboma [140], supporting the model that shh acts
genetically upstream of vax genes to regulate closure of the optic
ﬁssure (Fig. 2).
In addition to regulating vax transcription factors, Shh is required
for the proper expression of members of the paired box family of
transcription factors, with pax2 and pax6 being important for eye
development and closure of the optic ﬁssure. Shh is required for
expression of pax2, while negatively regulating the levels of pax6
[138,141]. Mutations in both genes have been mapped in patients
with coloboma or colobomataneous syndromes; mutations in pax2
are linked to renal-coloboma syndromes [142,143] while mutations in
pax6 tend to be found in patients with coloboma of the optic nerve
(along with other retinal phenotypes including aniridia). pax2
expression is restricted to proximal eye structures such as the optic
stalk and ﬁssure, while pax6 is restricted tomore distal structures. The
expression of pax2 in cells surrounding the choroid ﬁssure requires
Shh, and overexpression of shh leads to pax2 expression in more distal
structures such as the neural retina [138]. Conversely, loss of Shh
signaling results in reduced expression of pax6 neural retina. Thus, it
appears that control of pax gene expression via shh is required for the
proper partition of early eye to deﬁne and maintain the partition of
optic stalk and neural retina. It is clear from studies involving both Pax
and Vax proteins, that early embryonic patterning of the eye into
distinct optic stalk and neural retinal lineages is essential for
subsequent fusion of the optic ﬁssure.
Recent evidence from zebraﬁsh model studies suggests that the
regulation of pax genes via Sonic hedgehog signaling is indirect, and
involves the regulation of other factors that modulate pax gene
expression. One such factor, Zinc ﬁnger protein of the cerebellum 2a
(Zic2a), has been shown to negatively regulate the transcriptional
output of Sonic hedgehog signaling, while itself being transcription-
ally regulated by Hedgehog signaling cascades [124]. Loss of zic2a
results in severe coloboma [124,144,145] likely due to mispatterning
of the optic stalk and retina, as optic stalk markers are ectopically
expressed in the retina in Zic2a-depleted embryos [124].
Fig. 2. Sonic hedgehog signaling is required for eye patterning the eye along the medio-
lateral axis. A complex transcriptional interaction between Sonic hedgehog (Shh) and
Zic pathways speciﬁes the identity of the midline of the ventral diencephalon. The Shh
diffusible ligand is required for speciﬁcation of ventral eye structures, including the
optic stalk and ventral neural retina. Shh is required for expression of vax2 and pax2
transcription factors, both of which are expressed in the optic stalk and ventral retina.
This signaling cascade is opposed in the dorsal retina through the action of Bmp ligands,
such as Gdf6. Bmp signaling cascades are required for the expression of dorsal retinal
speciﬁc transcription factors such as Tbx5 and Tbx2. Loss of Shh signaling, or any of its
downstream signaling components can lead to coloboma. Loss of Bmp signaling in the
dorsal retina can also lead to coloboma, as well as ectopic ﬁssure formation in the dorsal
retina.
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stream of Shh for the development of coloboma, there is little data
concerning the mechanism by which fusion of the optic ﬁssure is
prevented in shhmutants. In wild type animals, fusion is facilitated by
contact between the epithelial tissue on either side of the optic ﬁssure
leading to a degradation of the basal lamina. Inhibition of Shh
signaling and the consequential mispatterning along the proximal–
distal axis of the eyecup have been shown in some cases to physically
prevent contact between epithelium on either side of the optic ﬁssure.
For example, in the zebraﬁsh blowout mutant where there is a
mutation in ptc1, (a gene that functions as a Shh receptor and negative
regulator of Shh signaling; see Section I of this review), ectopic
expression of optic stalk markers such as pax2, is observed, and the
stalk grows ectopically into the retina, physically preventing contact
between the epithelial tissue on both sides of the optic ﬁssure [146].
Conversely, when pax2 is lost in zebraﬁsh, contact between the
epithelial tissues on either side of the optic ﬁssure still occurs, yet
there is no dissolution of the basal lamina and the ﬁssure persists.
Thus, pax2must be required for ﬁssure closure subsequent to contact
between the two sides of the ﬁssure.
It has recently been demonstrated that cell cycle regulation may
also play a key role in regulation of optic ﬁssure closure, and is linked
to Shh signaling. For example, mouse humpty dumptymutants display
severe coloboma and cell cycle defects. This transgenic mouse
contains a mutation in Phactr4, which results in hyperphosphoryla-tion of the retinoblastoma gene (Rb), leading to abnormal cell cycle
progression and increased proliferation [147]. Work in mice demon-
strates that accurate regulation of the cell cycle acts upstream of Sonic
Hedgehog and causes abnormalities in the eye. Loss of function studies
of involving the cell cycle regulator E2F4 result in coloboma, and
aberrant expression of Sonic Hedgehog ligand at the ventral midline
[148]. E2F4 is a transcription factor downstream of the Rb gene,
further linking Rb cell cycle control to the development of coloboma.
In addition, Shh effector genes are abnormally expressed upon loss of
E2F4, with Pax2 expression extending ectopically to the distal optic
cup, and reduced Pax6 expression in the ventral optic cup [148].
3.3. Retinoic acid plays a key role in closure of the optic ﬁssure
Retinoic acid has long been implicated in the development of the
eye in humans and animal models. Like Sonic hedgehog, mutations in
components of the core RA pathway are rarely found in human
patients with coloboma due to the wide array of functions retinoic
acid performs in the developing embryo. However mutations in
Retinol Binding Protein (rbp) have been described in a sibling-pair that
presented with iris coloboma [149]. In both siblings, no serum Rbp
was detected, and patients had approximately 17% of normal retinol
levels. In addition to iris coloboma, these patients also suffered from
night blindness but were otherwise healthy. Furthermore, there is
evidence that suggests that in some populations, vitamin A-deﬁcient
(VAD) diets are correlated with the incidence of coloboma [136],
reiterating the link between aberrant retinoid levels to the develop-
ment of coloboma.
Animal models have yieldedmajor insights into the role of retinoic
acid during eye development. For example, mice that receive
teratogenic doses of retinoic acid while pregnant give birth to pups
with eye defects, including coloboma [150,151]. In zebraﬁsh, local
delivery of RA to the eye via implanted RA soaked beads not only
results in coloboma, but can also induce ectopic ﬁssure formation
anywhere in the retina [152]. Furthermore, failure to close the optic
ﬁssure in RA treated mice correlates with changes in gene expression
along the proximal–distal axis of the developing eye [151] in a
manner comparable to that seen with a loss of Sonic hedgehog
signaling. Epistasis analysis indicates that sonic hedgehog itself is
downregulated by teratogenic doses of RA [153], although this
relationship was only tested in tissues other than the ﬂoorplate (the
critical source of Shh ligand for optic ﬁssure closure). Nevertheless,
this demonstrates that RA can act upstream of Shh in a living
organism.
Although teratogenic doses of RA clearly regulate Shh signaling
and cause coloboma, little work has been done involving manipula-
tion of RA at physiologically relevant levels. In most studies, embryos
are incubated in a concentration of RA that far exceeds what an
embryo would naturally be exposed to during development. In the
developing embryo, RA levels are higher in the ventral retina than in
the dorsal retina, thus creating a gradient of retinoic acid signaling
across the dorsal–ventral axis of the eye [154,155]. This gradient
cannot be mimicked by simply exposing the whole embryo to RA.
Thus, loss of function studies are required to determine if endogenous
RA is required for closure of the optic ﬁssure. These studies have been
fewer in number, and the role of endogenous RA in ﬁssure closure
appears to differ among different model systems. It has been noted,
for example, that treatment of developing mice with citral, a
competitive inhibitor of aldehyde dehydrogenases [156–158] caused
a delay in (although did not prevent) the closure of the optic ﬁssure
[151]. Vitamin A depletion in mice also leads to coloboma that occurs
with a reduction in ventral retinal cell number and a loss of cell
adhesion molecules surrounding the optic ﬁssure [159]. This
phenotype may be due to abnormal morphogenesis of the early
eyecup, as opposed to later patterning events, as when aldehyde
dehydrogenase genes are knocked out in mice, the dorsal eyecup
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Similarly, in zebraﬁsh, treatment of embryos with citral results in the
failure of the ventral eye to form, while the dorsal half remains
relatively normal [154]. Knockout of the dorsal-speciﬁc aldh1a2 does
not result in coloboma, although it is likely that compensation by the
ventral-speciﬁc aldh1a3, for which there is currently no mutant
zebraﬁsh strain available. Thus it appears in both mice and zebraﬁsh,
endogenous RA may affect closure of the optic ﬁssure not because of
improper patterning of ocular tissues, but due to its requirement for
earlier morphological events leading to morphologically normal eyes.3.4. Bmp signaling and coloboma
Mutations or chromosomal aberrations involving members of the
bone morphogenetic protein (Bmp) family have also been described
in human patients with coloboma. Asai-Coakwell and colleagues
demonstrated that a deletion encompassing GROWTH AND DIFFER-
ENTIATION FACTOR 6 (GDF6/BMP13) is likely responsible for bilateral
retinal coloboma and unilateral iris coloboma [127]. Further studies
revealed that mutations in the prodomain of GDF6 account for 1.6% of
retinal colobomata in the human population [161]. This mutation
results in reduced Gdf6 protein secretion from the cell, which is
mechanistically consistent with Gdf6's non-cell autonomous effects
[162,163]. Mutations or chromosomal aberrations involving the
closely-related bmp4 can also cause coloboma in human patients
[164].
Animal models have conﬁrmed the association of gdf6 and bmp4
with coloboma, and have provided insights as to the mechanism by
which each gene can affect closure of the optic ﬁssure. Both genes are
expressed in the retina during early stages of development, and
knockdown of gdf6a (one of two gdf6 paralogues in the teleost
genome) in zebraﬁsh results in retinal coloboma [127,162]. Similarly
to exogenous RA application, loss of Gdf6a signaling in zebraﬁsh leads
to ectopic ﬁssure formation [162,163]. Studies of axial patterning
molecules expressed in the retina indicate that gdf6a is responsible for
limiting ventral eye marker expression, as loss of this protein results
in expansion of vax2 expression to include both the ventral and dorsal
retina. This may explain the ectopic ﬁssure in the dorsal eye, which is
respeciﬁed to a ventral fate in the absence of Gdf6a. In addition, Gdf6a
is required for proper establishment of RA signaling in the eye. For
example, the dorsal-speciﬁc aldh1a2 is not expressed in embryos
lacking Gdf6a, while the ventral-speciﬁc aldh1a3 is upregulated [162].
While details regarding the mechanism by which bmp4 can cause
coloboma are not as well understood, it has been noted that bmp4
expression overlaps with both sonic hedgehog and patched1 expres-
sion. Further suggesting a genetic interaction between BMPs and
Sonic hedgehog signaling is that an increased phenotypic severity is
observed in human patients with low-penetrance mutations of both
bmp4 and shh than with either single mutation [164]. Supporting this
model, studies in mice have implicated Bmp4 as essential for
Hedgehog induced coloboma. In a conditional knockout of the
Smoothened gene, which is required to transduce the Hedgehog
signal, Bmp4 expression is strongly expanded throughout the ventral
retina [165]. As Bmp4 expression is normally conﬁned to the dorsal
retina, the authors speculate that coloboma in these embryos may be
caused by ectopic BMP signaling. In addition, the expression of ventral
retinal and optic stalk markers, including Vax2 and Pax2, show
reduced expression in Smoothened-null embryos, however only at
developmental time points after ectopic expression of Bmp4 is
observed. Thus, loss of ventral retinal and optic stalk gene expression,
and the resulting coloboma in embryos suggest that the lack of
Hedgehog signaling results in the inability to limit Bmp4 signaling.
Furthermore, overexpression of Bmp4 in the developing optic vesicles
can inhibit Hedgehog expression itself [166], supporting a model
whereby localized expression of Sonic hedgehog and Bmp ligandsconstitute antagonizing signaling centers required for patterning the
eye along the dorsal–ventral axis and closure of the optic ﬁssure.
In many model systems, Bmp4 and Gdf6 have been proposed to
function redundantly. As loss of gdf6a results in coloboma and has
been shown to regulate retinal expression of bmp4 [162], it is likely
that Gdf6a also plays a role in the formation of coloboma in embryos
lacking Smoothened function. Surprisingly, loss of Smoothened does
not result in any change of expression retinoic acid synthesizing genes
such as Aldh1a2 or Aldh1a3 [165]. Gdf6 has been shown to regulate the
expression of both of these genes, demonstrating that although Bmp4
and Gdf6a act redundantly for some developmental processes, at least
some independent functions for each molecule are required for
closing the optic ﬁssure.
3.5. Coloboma may be linked to overall growth of the eye
Mutations in human BMP4 and GDF6 result in both coloboma and
microphthalmia, indicating that closure of the optic ﬁssure may be
genetically linked with the overall growth of the eye in utero. A
number of other genes have been reported to cause both micro-
phthalmia and coloboma, including transcription factors such as
orthodenticle homeobox 2 (otx2) and Sex determining region Y-box 2
(sox2). Whole gene deletions in Otx2 tend to result in severe
microphthalmia, while milder mutations tend to result in either
unilateral or bilateral coloboma [167–169], suggesting that the level of
gene activity inﬂuences both growth of the eye and closure of the
optic ﬁssure. Although required for differentiation of the retinal
pigmented epithelium [170,171], otx2 expression is also observed in
the early proliferating cells of the eyecup [172], and could thus affect
growth of the eye before it is required for speciﬁcation of RPE.
However to date, there is no data that sheds light on the mechanism
by which otx2 inﬂuences both growth of the eye and closure of the
optic ﬁssure.
Mutations in the SOX2 gene have also been identiﬁed in human
patients [173]. Similar to Otx2, the severity of loss of function in Sox2
correlates with the severity of disease, whereby mutations causing
complete loss of function result in severe microphthalmia, while
milder variants tend to manifest as coloboma [167,174]. Although it is
not known whether Sox2 is directly involved in closure of the optic
ﬁssure, the product of this gene is required for the proliferation of
early retinal progenitor cells [174], reiterating the potential genetic
link between eye growth and closure of the optic ﬁssure.
4. Conclusions
The genetic pathways that inﬂuence the formation of HPE and
coloboma, as outlined in this review, have considerable overlap.
Holoprosencephaly and colobomata represent birth defects that can
arise from aberrant Sonic hedgehog signaling. Shh is required in the
forebrain for the formation of ventral neural structures and division of
the early eye ﬁeld into two distinct hemispheres. Interference with
this signaling pathway, either through genetic mutation or via
environmental factors can thus cause holoprosencephaly. Forebrain
Shh signaling is also needed for early eye patterning, a process that is
required for closure of the optic ﬁssure. Given the overlap in
mutational etiology, holoprosencephaly and coloboma are likely to
represent severe and mild ends of the same phenotypic spectrum.
Retinoic Acid signaling pathway can also play a role in the
development of HPE and coloboma. RA is required for proper
forebrain morphogenesis and inﬂuences Shh signaling through a yet
unknown mechanism. In the eye, RA is required for morphological
events required for proper eye morphogenesis, and possibly for
patterning eye tissues. Nodal signaling is also important, as it is
required for the initiation of shh expression in the ventral forebrain. In
the eye, Bmp signaling is required for eye patterning, and thus closure
of the optic ﬁssure, possibly through an antagonistic signaling
398 P.A. Gongal et al. / Biochimica et Biophysica Acta 1812 (2011) 390–401relationship with Shh. It is thus clear that alteration of genetic
pathways that subsequently inﬂuence Shh signaling, in addition to the
Shh pathway itself, can result in the generation of HPE or coloboma.
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